Economic dispatch problem lies at the kernel among different issues in GTCC units' operation, which is about minimizing the fuel consumption for a period of operation so as to accomplish optimal load dispatch among units. This paper has analyzed the load dispatch model of gas turbine combined-cycle (GTCC) units and utilizes a quantum genetic algorithm to optimize the solution of the model. The performance of gas turbine combined-cycle units varies with many factors and this directly leads to variation of model parameters. To solve the dispatch problem, variable constraints are adopted to correct the parameters influenced by ambient conditions. In the simulation, comparison of dispatch models for GTCC units considering and not considering the influence of ambient conditions indicates that it is necessary to adopt variable constraints for the dispatch model of GTCC units. To optimize the solution of the model, a Quantum Genetic Algorithm is used considering its advantages in searching performance. QGA combines the quantum theory with evolutionary theory of genetic algorithm. It is a new kind of intelligence algorithm which has been successfully employed in optimization problems. Utilizing quantum code, quantum gate and so on, QGA shows flexibility, high convergent rate, and global optimal capacity and so on. Simulations were performed by building up models and optimizing the solutions of the models by QGA. QGA shows better effect than equal micro incremental method used in the previous literature. The operational economy is proved by the results obtained by QGA. It can be concluded that QGA is quite effective in optimizing economic dispatch problem of GTCC units.
Introduction
Due to the availability of natural gas and the advantages [1, 2] of GTCC units, GTCC plants continue to gain strength in power industry. In this situation, economic operation of the GTCC units becomes much important. Economic dispatch problem lies at the kernel among different issues in GTCC units' operation [3, 4] .
The economic dispatch problem is about minimizing the fuel cost for a period of operation so as to accomplish optimal load dispatch among units and in return satisfying the total load demand and operation constraints. Modeling of the load dispatch problem is necessary for the calculation of the problem. In practical, performance of a GTCC unit varies with many factors [5] [6] [7] . And this will lead to variation of load dispatch model. Environmental factors are uncontrollable and always changing with time and location. So the influence of environmental conditions on establishing the economic dispatch model is analyzed.
Mathematically, the problem of economic dispatch is a complex nonlinear problem containing integer and continuous variables. Many efforts [8] [9] [10] have been made to solve the problem, through various mathematical programming and optimization techniques. But these methods all have certain limitations such as requiring the formulation in continuous differentiable form, high computation time, failing to provide global optimal solution and so on.
With the development of computer technology and artificial intelligence, modern intelligent algorithms [11] [12] [13] [14] show great advantages in solving economic dispatch problem. Quantum genetic algorithm (QGA) is a searching probabilistic method which combines the quantum theory with evolutionary theory of genetic algorithm. It utilizes the methods of quantum technology to improve the diversity of genetic algorithms' coding so that the algorithm will have faster calculation speed and stronger global optimization ability. Nowadays, quantum genetic algorithm has been widely applied to combination optimization problems [15] and the optimization ability has been approved. Therefore QGA is adopted to solve the economic dispatch problem for GTCC units. Simulations were performed by building up models using data from previous literature [16] and optimizing the solutions of the models by QGA. The results show that QGA is quite effective in solving the optimization of economic dispatch problem of GTCC units.
Economic Dispatch Model of GTCC Units

Basic Model of Economic Dispatch Problem
The economic dispatch problem of GTCC units is to find the optimum combination of units that minimizes the total gas consumption while satisfying the total load demand and operation constraints. In order to analyze the problem through a mathematical model, the total gas consumption of all the GTCC units is described as a function of units' power outputs. And to optimize the solution of the load dispatch problem is to get the value of each unit's power output while the total gas consumption function achieves a minimum. Thus the formulation of a GTCC units load dispatch problem with operation constraints can be described as follows. .
where F is the objective function corresponding to the total gas consumption (in ); n is the total number of GTCC units.
is the gas consumption for the ith unit (in ); i is the power output of unit i (in MW); n is the number of units in the system; i represents ith unit's running state and it can only be 0 or 1 which represents stop or running. P is adopted. For gas consumption function i i ( ) f P , binomial expression is usually adopted to fit its characteristic curve as follow.
( )
where are the gas consumption characteristic coefficients of ith unit. , ,
There are some simplified hypotheses of the model: All the n units can be arranged to start and stop; fuel consumption for start or stop is not considered; line losses are not considered; the fuel property of natural gas is constant; and the total load demand keeps constant within a certain interval.
Economic Dispatch Model of GTCC Units Adopting Variable Constraints
In the model above, min max are influenced by the performance of a GTCC unit. And the performance of a unit varies with many factors, such as environmental conditions, condenser pressure, inlet and exhaust losses, fuel properties, and so on. Considering environmental factors are always changing with time and location, the influence of environmental conditions is mainly studied to show how the performance of GTCC units varies with environmental conditions.
According to Ref [17, 18] , for the influence of ambient temperature, generally speaking, every 1℃depression in inlet air temperature results in about 0.45% power increase of GTCC and very slight variation in heat consumption rate [19] . For the influence of barometric pressure, the output and the barometric pressure generally decrease proportionately, but the heat rate and other cycle parameters are not affected. However, for the plant already installed, the variation of this variable is so subtle that can be neglected. For the influence of humid air, the variation is to be too small to be considered.
To calculate the value of min i and max i , correction for ambient temperature needs to be known. The temperature correction factor can be defined as follow.
where t is the output power of a GTCC unit under full load operation when the ambient temperature is t. 0 is the output power of a GTCC unit under ISO condition (15℃). Thus, when the ambient temperature is t, the upper bound for power output of the ith unit can be calculated as follow.
Considering the stability and economy of GTCC units,
is usually adopted.
Optimization of Economic Dispatch Problem for GTCC Units Based on Quantum Genetic Algorithm
Quantum Genetic Algorithm
AjitNarayanan and MarkMoore proposed the concept of Quantum Genetic Algorithm, which is a searching probabilistic method combining the quantum theory and the genetic algorithm. The algorithm is based on some principles of quantum theory such as interference, superposition of states. It adopts quantum bits code to create chromosomes and achieves evolutionary search through updating of quantum gates. QCA has the advantages of small population size, strong ability of globally optimization, fast convergent speed and so on.
Quantum Code
QGA uses vector representation to express quantum state, of which the smallest unit of information for representing individuals is quantum bit. Using probability amplitude of quantum bit to represent the codes of chromosome, quantum bit coded chromosome probabilistically represents several states in the search space. The state of a quantum bit can be represented by a superposition of two quantum states as follow [20] .
where |  ,|0> and |1> represent respectively the states of a quantum bit;  and  are two complex numbers represent the probability amplitudes of the corresponding quantum state. They should satisfy the following equation.
where 2  is the probability to have the value 0 and 2  is the probability to have the value 1.
The quantum bit can contain information of 0 and 1 simultaneously. Therefore a chromosome containing m quantum bits can represent states. 2 m
Quantum Gate
Quantum gate is the actuator of evolution operation. Quantum rotation gate strategy is adopted to achieve population evolution as follow.
where   ,   and   ', '
  are the probability amplitudes before and after quantum rotation updating.  is the rotation angle and its value adopts the methods in paper [21] .
The Procedure of the Optimization by QGA
1) Initialize a population Q(t) of n chromosomes randomly and each chromosome contains m quantum bits. Each pair of quantum bit probability amplitudes i  and i  , i = 1,2, ..., m, are initialized with 1/ 2 , which means the same probability to emerge at the beginning of the algorithm.
2) Observe each chromosome in Q(t) so that a set of binary solutions 2  , the result of the observation will be 1, otherwise, it will 0.
3) Measure the fitness of all the solutions observed above. For the load dispatch problem in this paper, the objective function can be described as follow.
where C is a penalty factor which usually takes a large value. In the function above, it can lead to small value of the function if a solution does not satisfy the constraints, so the solution will be deleted. Record the best solution and its fitness. 4) Judge whether the convergence condition is satisfied. If not, the algorithm will use the quantum rotation gate to update the population Q(t) so that a new population Q(t+1) is obtained.
5) The algorithm will go back to step (2) and the process will be repeated iteratively until the convergence condition is satisfied.
Simulation
In paper [16] the author uses equal micro incremental method to optimize the load dispatch of 3×390 MW gas turbine generation units. In this paper, the gas consumption characteristic equations from paper [16] are used for the calculation of optimal load dispatch by QGA.
According to paper [16] the characteristic coefficient of gas consumption function and bound constraints are shown in Table 1 .
Take total load demand =491 MW on July 25, 2007 as an example. The food consistence function is described as follow.
The units in operation are just 1# and 3#, so 1 3 U U 1   , 2 U 0  . Take 100 for the penalty factor C. 
In this QGA, the size of the population is set to 40; the maximum iteration number is 200. Through the optimization of QGA, when the load of 1# unit is 234.34 MW and 2# unit is 255.94 MW, the maximum value of fitness function reaches-87229.83. The total gas consumption is 85605.81m
3 N/h. 
Results and Discussions
Using the foregoing QGA method to optimize the economic load dispatch problem of GTCC units, the load dispatch results obtained by QGA on October 26, 2007 are compared with those by other methods, as shown in Table 2 .
According to the results above, QGA could achieve savings of total gas consumption compared to the equal micro incremental method and AGC instruction. When considering the influence of ambient conditions, according to related literature, it can be assumed that
. If the ambient temperature is 25℃, then the maximum limit of unit i is max 372.45 
Conclusions
In this paper, the economic dispatch problem of gas turbine combined-cycle units is proposed and the quantum genetic algorithm is employed on the optimization of the problem. On the basis of analyzing the influence of the ambient conditions on the performance of GTCC units, temperature correction factor is used to improve the economic dispatch model.
The optimization results by QGA are compared with those by equal micro incremental method. Almost all the results obtained by QGA in the simulations are better than other methods used in the literature. With QGA method the gas consumptions are significantly reduced. The searching processes show that QGA has good characteristics of globally optimization, fast convergent speed robustness for initial values and so on.
The comparison of dispatch models for GTCC units considering and not considering the influence of ambient conditions indicates that it is so necessary to adopt variable constraints for the dispatch model of GTCC units.
